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Low t e m p e r a t u r e  s i t e s  f o r  rcuons i m p l a n t e d  i n  T i H x  
have  been  found t o  be a mix tu re  of i n t e r s t i t i a l  arid 
s u b s t i t u t i o n a l  s i t e s ,  with s u b s t i t u t i o n a l  occupancy 

i n t e r s t i t i a l  s i t e  w i l l  have a v a c a n t  nea res t  n e i g h b o r  
s u b s t i t u t i o n a l  s i t e .  A s  w i t h  Z r H x ,  a c t i v a t i o n  from. 
ths i n t e r s t i t i a l  s i t e  i s  obse rved  below 300 K .  From 
t h e  d e p o l a r i z a t i o n  r a t e  i n  t h e  s u b s t i t u t i o n a l  s i t e ,  
t h e  muon l i k e l y  d i s p l a c e s  t h e  n e i g h b o r i n g  H atoms by  3 
a b o u t  0 . 1  A .  D i f f u s i o n  f o r  t h e  s u b s t i t u t i o n a l  muons 
o c c u r s  above roGm t e m p e r a t u r e  w i t h  a n  a c t i v a t i o n  of 
a b o u t  0 . 3 8  e V ,  which i s  less t h a n  t h e  0 . 5 0 5  e V  for 
hydrogen vacancy  mot ion  obse rved  by NMR. T o  e x p l a i n  
t;!lis t h e  muon t r a n s i t i o n  r a t e  t o  a vacancy m u s t  b e  
less t h a n  t h a t  of hydrogen .  

d e t e r m i n e d  by t h e  p r o b a b i l i t y  t h a t  a muon i n  an  
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1 .  I n t r o d u c t  i on 

T h e  s t u d y  of metal  h y d r i d e  s y s t e m s  w i t h  pSR p r e s e n t s  an exce l -  
l e n t  o p p a i - t u n i t y  t o  observe t h e  i n t e r a c t i o n  between positive muons 
and h y d r o g e n  and t h e i r  r e l a t e d  d i f f u s i o n  and s i t e  p r e f , e r e n c e .  T h e  
p r e s e n t  measurements  i n v e s t i g a t e  muon d i f f u s i o n  i n  the y ( f cc ) and 
6 ( f c t )  phases of t i t a n i u m  h y d r i d e  w i t h  v a r y i n g  hydrogen c o n c e n t r -  
a t i o n .  T i t an ium h y d r i d e  i s  a c o n v e n i e n t  mater ia l  f o r  s&ll s t u d i e s  
b e c a u s e  t h e  moments of t h e  t i t a n i u m  n u c l e i  a r e  v e r y  s m a l l  and t h u s  
clnly p -H ( and  H - H )  i n t e r a c t i o n s  need b e  c o n s i d e r e d .  P r e v i o u s  s t u d i e s  
of o t h e r  h y d r i d e s  have  shown t h a t  t h e  a c t i v a t i o n  ene rgy  f o r  a muon 
a t  h i g h  t e m p e r a t u r e s  need  n o t  be  e q u a l  t o  t h e  a c t i v a t i o n  e n e r g y  f o r  
a hydrogen  a tom,  and t h a t  t h e  muon and hydrogen  compete f o r  s i t e s  i n  
t h e  h o s t  l a t t i c e  / 1 , 2 / .  I t  i s  seen i n  f i g u r e  1 t h a t  t h e  d e p o l a r i z a -  
t i o n  rate f o r  t h e  t h r e e  samples  s t u d i e d  can  b e  n a t u r a l l y  c o n s i d e r e d  
i n  f o u r  d i f f e r e n t  r e g i o n s :  I )  a low t e m p e r a t u r e  c o n c e n t r a t i o n . -  
d e p e n d e n t  p l a t e a u ,  11) a t r a n s i t i o n  t o  a lower  r a t e  ( m o t i o n a l  
n a r r o w i n g )  which o c c u r s  below room t e m p e r a t u r e ,  I11 ) a room t empera-  
t u r e ,  c o n c e n t r a t i o n - i n d e p e n d e n t  p l a t e a u ,  and I V )  a second m o t i o n a l  
n a r r o w i n g  r e g i o n  due t o  d i f f u s i o n  of muons and hydrogen on t h e  
t e t r a h e d r a l  l a t t i c e .  

T h e  t r a n s v e r s e  f i e l d  expe r imen t s  w e r e  conduc ted  w i t h  the 
s t o p p i n g  miion beam a t  Brookhaven N a t i o n a l  L a b o r a t o r y  / 3 / .  The 
s a m p l e s  were T i H x  w i t h  x=1.99, 1 . 9 7 ,  a n d  1 .83 .  For  low t e m p e r a t u r e  
m e a s u r e m e n t s , .  w e  u sed  a f l o w  c r y o s t a t  f o r  x = l .  99 and a h e l i u m  
D i s p l e x  c l o s e d - c y c l e  r e f r i g e r a t o r  f o r  t h e  o t h e r  two s a m p l e s .  Above 
300 K ,  a h e a t e d - w a t e r  c i r c u l a t i n g  s y s t e m  w a s  used f o r  x z 1 . 9 9 ,  and a n  



W \ ' ~ I ) ,  .c1>11..;5. s t i n g  of r e s i s t i v e  w i r e  wrapped around an aluiniriurn 
f r>n le l  w i . . ~  used  f o r  ~ ~ 1 . 9 7  and 1 . 8 3 .  T h e  d a t a  w e r e  fit o n - l i n e  t o  

. ,Ga;Jlssian c u r v e s  and o f f - l i n e  t o  Abrzgamian f o r m s .  The c o r r e l a t i o n  
' times o b t a i n e d  from t h e  Abragamian form w e r e  t h e n  f i t  t o  a n  Arrhen-  

i u s  e x p r e s s i o n  t o  o b t a i n  t h e  a c t i v a t i o n  e n e r g y  .- E a .  
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F i g . 1 .  The muon d e p o l a r i z a t i o n  r a t e ,  A ,  as de ter rn ined  from a 
G a u s s i a n  form (Px ( t ) = e x p ( A 2 t 2 ) )  p l o t t e d  as a f u n c t i o n  of 
te rnp5ra tu l -e  f o r  t he  t h r e e  samples .  T h e  l i n e s  i n  the f i g u r e  
have  been  added t o  g u i d e  t h e  e y e .  

3 .  Results and D i s c u s s i o n  

F o r  t h e  c a s e  of i d e n t i c a l  s p i n s  i n  a p o l y c r y s t a l l i n e  ma te r i a l  
t h e  Van Vleck  f o r m u l a  /4/ f o r  t l i e  s econd  moment i s :  

One can c a l c u l a t e  the l i n e w i d t h s  f o r  the te t rahedra l  and o c t a h e d -  
r a l  s i t e s  s i n c e  A i s  p r o p o r t i o n a l  t o  t h e  s q u a r e  r o o t  of t h e  second 
moment. The d e p o l a r i z a t i o n  r a t e  ( i n c l u d i n g  hydrogen-hydl-ogen 
i n t e r a c t i o n s  which r e d u c e  A by 5% f o r  b o t h  s i tes  / 5 / )  f o r  t h e  0 s i t e  
( A = 0 . 2 9 8  y s e c - 1 )  i s  much larger  t h a n  t h a t  f o r  the  t e t r a h e d r a l  s i t e  
( A x 0 . 1 8 9  y s e c - 1 ) .  This w i l l  serve as a g u i d e  t o  d i s t i n g u i s h  o c t a h e d -  
r a l  and  t e t r a h e d r a l  s i t e  occupancy as we d i s c u s s  t h e  v a r i o u s  r e g i o n s  
of tlie s p e c t r a .  

3.1. Region  I 

The spectra f o r  a l l  three sanlples show t h a t  t h e  muon i s  
s t a t i o n a r y  f o r  low T .  I t  i s  found t h a t  I\ i s  c o n c e n t r a t i o n  dependen t  
w i t h  t h e  xr-1.99 sample  h a v i n g  t h e  h i g h e s t  v a l u e  and t h e  ~ ~ 1 . 8 3  
sample  t.he l o w e s t .  - T h i s  i n d i c a t e s  t h a t  t h e  muon is more l i k e l y  t o  

- - - - - *  . -.., , all" a n  . ,  . .  
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f irid t .hc more slowly d e p o l a r i z i n g  t e t r a h e d r a l  s i t e s  a s  t h e  hydrogen 

' ,  c o G c e n t r a t i o n  d e c r e a s e s .  Over t h e  low t e m p e r a t u r e  r e g i o n  A ( T )  sel?rns 
t o  b e  i n d e p e n d e n t  of T .  For  each  sample w e  t h e n  have  o b t a i n e d  a 
A E X P  which w e  f i n d  c a n  b e  p a r a m e t e r i z e d  by:  

T h i s  p a r a m e t e r i z a t i o n  f o l l o w s  from the  as sumpt ion  t h a t  t h e  muon 
s t o p s  randomly on o c t a h e d r a l  s i t es  f i r s t  and t h e n ,  i f  a n e a r e s t  
n e i g h b o r  t e t r a h e d r a l  s i t e  i s  v a c a n t ,  r a p i d l y  moves t o  t h a t  s i t e .  
Thus ,  P i s  t h e  p r o b a b i l i t y  t h a t  t h e  i n i t i a l  o c t a h e d r a l  muon h a s  a n  
empty  n e a r e s t  n e i g h b o r  t e t r a h e d r a l  s i t e .  T h i s  e x p r e s s i o n  i s  chosen 
b e c a u s e  tlie number of v a c a n c i e s  i n  t l i e  hydrogen  l a t t i c e  goes a s  
(l-x/2), and there a re  e i g h t  n e a r e s t  n e i g h b o r  t e t r a h e d r a l  s i t e s  f o r  
e v e r y  a v a i l a b l e  o c t a h e d r a l  s i t e .  A ~ E X P  for each sample i s  p l o t t e d  a s  
a func t i c ln  of (1-x/2) i n  f i g u r e  2 .  The l i n e  i s  t h e  l e a s t  s q u a r e s  f i t  
t o  e q u a t i o n  ( 2 )  w i t h  A O C T  and  A T E T  t h e  'free parameters. The v a l u e s  
d e t e r m i n e d  from t h e  f i t  a r e  A 0 ~ ~ = 0 . 2 5 2 ( 3 )  p s e c - 1  and A ~ ~ ~ = 0 . 1 7 2 ( 5 )  - 
y s e c - 1 .  T h i s  A T E T  i s  d i s c u s s e d  i n  s e c t i o n  3 . 3 .  The v a l u e  f o r  t he  
o c t a h e d r a l  s i t e  i s  lower  t h a n  t h a t  c a l c u l a t e d  from t h e  Van Vleck  
f o r m u l a .  Thus w e  c o n c l u d e  t h a t  t h e  hydrogen  l a t t i c e  around the muon 
i s  d i s p l a c e d  ou tward .  We c a l c u l a t e  t h a t  the  n e a r e s t  n e i g h b o r  
e x p a n s i o n  i s  a p p r o x i m a t e l y  7% o r  t h a t  e a c h  hydrogen  i s  d i s p l a c e d  
0 . 1 5  A o u t w a r d .  T h i s  d i s t o r t i o n  presumably a r i ses  from t h e  s h o r t n e s s  
of t h e  i n t e r s t i t i a l  muon-hydrogen d i s t a n c e  i n  a n  u n d i s t o l - t e d  l a t t i c e  
( 0 / 2  t i m e s  t h e  hydrogen-hydrogen s p a c i n g )  , and t h e  f a c t  t h a t  the  
muon 's  s p a t i a l  wavefunc t ion  i s  much la rger  t h a n  t h a t  of a l iydrogen 
atom. 

I 

I 
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F i g . 2 .  The d e p o l a r i z a t i o n  parameter s q u a r e d ,  
A ~ E X P ,  p l o t t e d  
as a f u n c t i o n  of f r a c t i o n a l  vacancy  concen- 
t r a t i o n .  The l i n e  i s  a l e a s t  s q u a r e s  fit t o  

i n  r e g i o n  I for each sample  

e q u a t i o n  ( 2 )  - 
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3 . 2 .  Region I1 

F i g u r e  1 shows t h a t  t h e  o n s e t  of m o t i o n a l  n a r r o w i n g  f o r  t h e  
v a r i o u s  c o n c e n t r a t i o n s  o c c u r s  a t  d i f f e r e n t  temperatures belaw room 
t e m p e r a t u r e .  Doyama e t  a l .  /2 /  see t h e  same t y p e  of b e h a v i o r  f o r  
Z r H i .  9 9  just above 300 K .  Presumably t h e i r  o t h e r  E p h a s e  sample  
( x = 1 . 9 0 )  would e x h i b i t  t h i s  t r a n s i t i o n  a t  l o w e r  t e m p e r a t u r e s  t h a n  
t h e y  r e p o r t .  T h i s  b e h a v i o r  may be e x p l a i n e d  q u a l i t a t i v e l y  i n  t h e  
f o l l o w i n g  way. Fo r  ~ ~ 1 . 8 3  i n  r e g i o n  I ,  t h e  muon s t o p s  i n  the t e t r a -  
h e d r a l  s i t e  r o u g h l y  70% of  t h e  t i m e .  I n  r e g i o n  I1 t h e  r e m a i n i n g  30% 
move t o  v a c a n t  t e t r a h e d r a l  s i tes .  The f a c t  t h a t  t h i s  mot ion  o c c u r s  
a t  low t e m p e r a t u r e  might  be  e x p l a i n e d  by  assuming a n  a t t r a c t i v e  
f o r c e  between muons and nea rby  v a c a n c i e s .  F o r  x=1.97, t h e  muon s t o p s  
i n  t h e  t e t r a h e d r a l  s i t es  r o u g h l y  10% o f  the t i m e ,  which means t h a t  
90% m u s t  f i n d  o r  be found by v a c a n t  t e t r a h e d r a l  s i t e s .  One would 
expect t h i s  t o  b e  d i f f i c u l t  because  o n l y  3 o u t  of 200 s i t e s  are 
v a c a n t .  For x-1 .99  t h e  p i c t u r e  i s  s imi l a r  e x c e p t  t h a t  only 0 . 5 %  of 
t h e  t e t r a h e d r a l  s i t e s  a r e  v a c a n t .  Fo r  th i s  sample i n  t h e  t e m p e r a t u r e  
regime n e a r  300 K t h e  o c t a h e d r a l  muons a p p a r e n t l y  move s u f f i c i e n t l y  
r a p i d l y  t o  c a u s e  m o t i o n a l  na r rowing .  Only a t  h i g h e r  t e m p e r a t u r e s  
( a b o v e  350 K )  i s  t h e r e  e v i d e n c e  f o r  i n c r e a s e d  t e t r a h e d r a l  t r a p p i n g .  
Among G t h e r  f a c t o r s  t o  b e  c o n s i d e r e d  it may be t h a t  t h e  a c t i v a t i o n  
o u t  of t h e  o c t a h e d r a l  s i t e  may be a s s o c i a t e d  w i t h  t h e  t r a n s i t i o n  
f r f i m  the  6 t o  t h e  y p h a s e  s i n c e  the change  of c/a i s  over a r a n g e  
from 200 K to 310 K / 6 / .  

3 . 3 .  R e g i o n  111 

Near room t e w p e r a t u r e  f i g u r e  I shows a c o n c e n t r a t i o n - i n d e -  
penden t  p l a t e a u  f o r  x = 1 . 8 3  and 1 . 9 7  and s u g g e s t s  t h a t  t h e  s a m e  would 
be  o b s e r v e d  f o r  ~ ~ 1 . 9 9  i f  t h e  measurements were ex tended  t o  h i g h e r  
t e m p e r a t u r e s .  The v a l u e  f o r  t h e  d e p o l a r i z a t i o n  r a t e  of t h i s  p l a t e a u  
i s  0 . 1 7 6 4 ( 1 6 )  p s e c - 1  which does  a g r e e  w i t h  the  v a l u e  tound  i n  

T h i s  value however d o e s  n o t  a g r e e  w i t h  t h a t  c a l c u l a t e d . f r o m  t h e  Van 
Vleck f o r m u l a  f o r  t e t r a h e d r a l  s i t e  occupancy .  T h i s  c o n h e n t i - a t i o n  
independence  r u l e s  o u t  t h e  p o s s i b i l i t y  t h a t  t h e  muon i s  i n  a 
t e t r a h e d r a l  s i t e  w i t h  a n e a r e s t  ne ighbor  vacancy  s i n c e  one would 
e x p e c t  the p r o b a b i l i t y  of a n e a r e s t  n e i g h b o r  vacancy  t o  be low f o r  
x = 1 . 9 7 .  The o n l y  o t h e r  r e a s o n a b l e  a l t e r n a t i v e  i s  t o  assume t h a t  t h e  
muon is  i n  a t e t r a h e d r a l  s i t e  and i s  d i s t o r t i n g  t h e  l o c a l  l a t t i c e .  
If t h i s  i s  t h e  case, t h e n  one needs a n e a r e s t  n e i g h b n r  r e l a x a t i o n  
of 3% o r  0 . 0 7  A .  

and 2 .220  A r e s p e c t i v e l y  /6/ and w e  have  found  a 2 .297  A s p a c i n g  f o r  
t h e  muon-neares t  n e i g h b o r  hydrogen d i s t a n c e .  If w e  assume these 
s p a c i n g s  a r e  p r o p o r t i o n a l  t o  a c o n s t a n t  p l u s  a t e r m  p r o p o r t i o n a l  t o  
t h e  z e r o  p o i n t  mo t ion  (Ql/ . /m) w e  p r e d i c t  a 2 . 2 7 5  A P - H N N  s p a c i n g .  
The excess of o u r  measured s p a c i n g  o v e r  t h e  p r e d i c t e d  s p a c i n g  
o b s e r v e d  presumably  a r i ses  from t h e r e  o n l y  b e i n g  one muon i n  t h e  
sample a t  a t i m e .  The r e s t o r i n g  f o r c e s  t h a t  would a r i s e  i f  t h e r e  
were a l a t t i c e  of  muons a re  n o t  p r e s e n t .  

- s e c t i o n  3 . 1 ,  c o n f i r m i n g  o u r  model f o r  t h e  low t e m p e r a t u r e  i -eg ion .  

T h e  t e t r a h e d r a l  s i t e  s p a c i n g  i n  T i H i .  9 9  and T i D i .  s a  a re  2 .227  

3 . 4 .  Region  I V  

F i g u r e  1 shows a second  r e g i o n  of m o t i o n a l  na r rowing .  T h i s  i s  
a s s o c i a t e d  w i t h  t h e  a c t i v a t i o n  of hydrogen  from t e t r a h e d r a l  s i t e s .  



- *  ‘ . rigure 3 presents the muon correlation times for two samples 
plotted as a function of 1 / T .  The features of this figure are: (i) 
the correlation times for protons and muons are of the same order 
and (ii) the activation energies for the muon (0.38 eV) and for the 
proton (0.507 eV /7/) are quite different. The first result is not 
surprising from the standpoint of classic blocking theory which 
predicts that motion of the lighter particle (muon) would be 
governed by the motion of the heavier particle (hydrogen) for 
systems where the hydrogen concentration is too high for percola- 
tion. However, the second result does not agree with a simple 
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Fig.3. The muon correlation times 
plotted as a function of 1 / T  for 
TiHi. 8 3  and TiHi. 97 . The proton 
correlation times for TiH1. 8 0  and 
TiHi . 9 0  obtained from T i  measure- 
ments / 7 / .  
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that, the muon’s jump frequency is on the order of or less than that 
of hydi-ogen. Richter et al. /1/ have proposed an explanation. f o r  
muons in metal hydrides. They observed that correlation times in ySR 
a r e  a cambination of muon and hydrogen jump rates and can be roughly 
approximated by: 

T Q  1 .  1 l-f 
rp(l-C) rH(1-C) f 

( 4 )  

yielding an order of magnitude result. r p  and rH are the muon and 
hydrogen jump rates. The correlation factor f , which is concent- 
ration dependent, takes into consideration all correlations beyond 
mean-field blocking for tracer diffusion. The factor (1-c) is the 
fractional number of vacancies and is equal to (l-x/2). If one uses 
the values obtained for TC by employing fits to the Abragamian form, 
the observed proton jump rate 36~106exp(-.507eV/kT) psec-1 / 7 / ,  and 



t h e  v a l u e s  f o r  f f o r  e a c h  c o n c e n t r a t i o n  / 8 / ,  t h e n  one o b t a i n s  
v a l u e s  f o r  r p ( T ) .  I f  w e  assume an A r r h e n i u s  e x p r e s s i o n  f o r  r u ( T ) :  

r,, = r v o  exp( - E a y / k T )  , 

w e  o b t a i n  E a p = 0 . 3 7 ( 3 )  and 0 . 3 5 ( 3 )  e V  f o r  x=1.83 and 1 . 9 7  r e s p e c t i v e -  
l y ,  and r,,o=4x1@5 y s e c - 1  f o r  b o t h  c o n c e n t r a t i o n s .  From t h e s e  r e s u l t s  
it a p p e a r s  t h a t  the  muon jump r a t e  i s  lower  t h a n  t h a t  of hydrogen  b y  
a p p r o x i m a t e l y  two o r d e r s  of magni tude .  T h e  answer t o  t h i s  puzz lement  
may be c o n n e c t e d  w i t h  t he  a s s e r t i o n  i n  r e g i o n  I11 t h a t  t h e r e  i s  a 3% 
N N  hydrogen  l a t t i c e  e x p a n s i o n  f o r  muon t e t r a h e d r a l  s i t e  occupancy .  
When t h e  muon jumps f rom one t e t r a h e d r a l  s i t e  t o  a n o t h e r ,  it must 
a l s o  d i s t o r t  t he  l a t t i c e  i n  i t s  new s i t e .  F o r  a . t e t r a h e d r a l  s i t e ,  
t h e  N N  a r e  f o u r  t i t a n i u m  atoms which are much more mass ive  t h a n  
hydrogen s toms  and t h e r e f o r e  r e q u i r e  more e n e r g y  t o  d i s p l a c e .  I .  

them. Thus,  one may h a v e  a l a r g e  r e d u c t i o n  of t h e  s m a l l  p o l a r o n  
h o p p i n g  i n t e g r a l .  This c o u l d  l e a d  t o  a muon hopping  r-ate much 
s m a l l e r  t h a n  t h a t  of hydrogen .  I n  t h i s  c i r c u m s t a n c e  t h e  c o r r e l a t i o n  
t i m e  o f  e q u a t i o n  ( 4 )  i s  dominated by t h e  f i r s t  t e r m ,  and the 
o b s e r v e d  a c t i v a t i o n  e n e r g y  is t h a t  f o r  t h e  muon. The muon’s a c t i v a -  
t i o n  e n e r g y  might w e l l  b e  a s s o c i a t e d  w i t h  t h e  e n e r g y  d i f f e r e n c e  
between t h e  niuon ground s t a t e  and a b a r r i e r  h e i g h t .  S i n c e  t h e  muon’s 
z e r o  p o i n t  e n e r g y  i s  t h r e e  t i m e s  h i g h e r  t h a n  t h a t  of a p r o t o n  t h i s  
c o u l d  a c c o u n t  f o r  t h e  lower E a .  
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